This paper describes a combined experimental, analytical and numerical modelling investigation into hydrogen jet fires in a passively ventilated enclosure. The work was funded by the EU Fuel Cells and Hydrogen Joint Undertaking project Hyindoor. It is relevant to situations where hydrogen is stored or used indoors. In such situations passive ventilation can be used to prevent the formation of a flammable atmosphere following a release of hydrogen. Whilst a significant amount of work has been reported on unignited releases in passively ventilated enclosures and on outdoor hydrogen jet fires, very little is known about the behaviour of hydrogen jet fires in passively ventilated enclosures. This paper considers the effects of passive ventilation openings on the behaviour of hydrogen jet fires. A series of hydrogen jet fire experiments were carried out using a 31 m 3 passively ventilated enclosure. The test programme included subsonic and chocked flow releases with varying hydrogen release rates and vent configurations. In most of the tests the hydrogen release rate was sufficiently low and the vent area sufficiently large to lead to a wellventilated jet fire. In a limited number of tests the vent area was reduced, allowing under-ventilated conditions to be investigated. The behaviour of a jet fire in a passively ventilated enclosure depends on the hydrogen release rate, the vent area and the thermal properties of the enclosure. An analytical model was used to quantify the relative importance of the hydrogen release rate and vent area, whilst the influence of the thermal properties of the enclosure were investigated using a CFD model. Overall, the results indicate that passive ventilation openings that are sufficiently large to safely ventilate an unignited release will tend to be large enough to prevent a jet fire from becoming under-ventilated.
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INTRODUCTION
Hydrogen energy applications may require that systems be used inside rooms or enclosures (e.g. for security or safety reasons). The ignition of accidentally released hydrogen may result in a jet-fire. This paper describes experiments, analytical modelling and CFD modelling that has been carried out by the United Kingdom's Health and Safety Laboratory (HSL) for the European Union (EU) Fuel Cells and Hydrogen Joint Undertaking (FCH JU) project "HyIndoor" (http://www.hyindoor.eu) to investigate the behaviour of hydrogen jet fires within enclosures fitted with passive ventilation. The work was focussed on three areas of interest.
i) Flame length, temperature, radiation effects, oxygen depletion and hydrogen accumulation from well-ventilated jet-fires within enclosures. ii)
Heat balance considerations for well-ventilated jet-fires (for example, heat loss through hot gas flows and heat loss from enclosure walls by radiation / convection). iii)
Conditions required for jet-fires to become under-ventilated.
EXPERIMENTS AT HSL

Experimental Arrangement
A carbon steel enclosure with an internal volume of approximately 31 m 3 (2.5 m by 2.5 m by 5 m) was used. The enclosure was situated in the open air and so exposed to the weather during the experiments. Five passive vents (each 0.83 m wide and 0.27 m high) were located on the side walls. The vents could be fully or partially closed using steel plates and gaskets, or left open to the atmosphere. The walls are made from 6 mm thick steel plates and appear flat when viewed from inside, while the exterior features a number of more substantial horizontal and vertical structural beams. Two emergency explosion relief vents (total area 1.6 m 2 ) made from 100 µm aluminium foil were fitted in the roof. The enclosure is raised off the ground by 0.8 m. A schematic and a photograph of the enclosure are shown in Figure 1 .
Hydrogen was released vertically upwards 0.5 m above, and in the centre of, the enclosure floor. Sub-sonic releases were through a 10 mm pipe using mass flow controllers and chocked flow releases were at pressures greater than 1 MPa through nozzles of less than 1 mm diameter. A propane pilot light was used to ignite the hydrogen and then turned off (typically within 2 seconds of hydrogen ignition).
The resulting hydrogen jet fire was then allowed to burn until the internal gas temperatures were at quasisteady-state, or until the hydrogen within the enclosure reached a concentration considered to be potentially damaging to the facility should there be an explosion. Oxygen and hydrogen concentrations were measured by extracting gas samples from five positions within the enclosure. The extracted gas was cooled and the water vapour removed before being passed through electrochemical oxygen analysers (with an accuracy of +/-0.1% v/v ) and thermal conductivity hydrogen analysers (with a an accuracy of +/-1% v/v). Three sampling positions were at a height of 2.3 m from the floor, one was at 1.8 m and one at 1.0 m. Temperature measurements were made within the enclosure, using K-type thermocouples, at heights of 0. Video footage of flames was captured using three visible range cameras located within the enclosure and a further visible range camera was used to monitor the upper open vent for external flames.
Results from Experiments
Twelve experiments were carried out, eight well-ventilated and four under-ventilated. The results are summarised in Table 1 . The hydrogen flames were surprisingly visible; this is thought to be due to traces of dust in the enclosure and/or soot generated by the propane pilot flame.
A number of differences were observed in the well-ventilated tests involving chocked release jet-fires and sub-sonic jet-fires with similar flow-rates; the flame lengths for the chocked releases were shorter than those of the equivalent sub-sonic releases and it also appears that the layer of hot gas at the top of the enclosure was thinner for the sub-sonic releases than for the chocked releases. There was no evidence of hydrogen accumulation in any of the well-ventilated tests although there was a small degree of oxygen depletion. It is worth noting that release and ventilation conditions that resulted in flammable concentrations of accumulated hydrogen in un-ignited tests [3] did not result in under-ventilated fires in the tests reported here. It would appear that the opposite would also be true, i.e. designing a passive vent system to avoid flammable hydrogen accumulations would also avoid under-ventilated jet fires.
Significant oxygen depletion was evident in all of the under-ventilated tests and hydrogen accumulation was also observed. In test WP4/10, which had only one quarter of a vent open, severe oxygen depletion was followed by rapid hydrogen accumulation. The initial oxygen depletion resulted in a reduction in radiated heat, while later on, the onset of hydrogen accumulation was accompanied by a further reduction in radiated heat, a decrease in enclosure temperature and a stabilisation of the oxygen concentration. Those trends are shown in Figure 3 . Note that the hydrogen release and fire was not started at time zero, but at approximately 300 seconds. The flame had reduced in size throughout the test, as shown in Figure 4 , although it was still burning when the hydrogen supply was intentionally stopped. There was no visual evidence of flames external to the open upper vent in any of the tests.
. 
COMPARISON WITH ANALYTICAL MODEL FOR ENCLOSURE TEMPERATURES
Analytical Modelling Approach
Analytical modelling of HSL's jet fire experiments was carried out using the model of Linden et al. [1] , hereafter referred to as the Linden model. The Linden model can be used to predict the natural ventilation of an enclosure containing a buoyant source with one or more vents, including wall and ceiling vents. It makes a number of assumptions but has been validated against experiments involving the release of non-reacting buoyant gases, such as Cariteau and Tkatschenko [2] and Hooker et al [3] . One assumption made by the Linden model is that the ventilation is driven by the buoyant source and that the volume production associated with the buoyant source can be neglected. The Linden model separates buoyancy-driven ventilation into displacement and mixing regimes. In mixing ventilation the incoming air fully mixes with the fluid in the enclosure leading to a homogeneous environment whilst displacement ventilation is characterised by a stratified environment in which the incoming air only partially mixes with the fluid in the enclosure.
For mixing ventilation the Linden model predicts a steady-state reduced gravity inside the enclosure of,
where 0 B is the buoyancy flux from the buoyant source, k is a vent exchange flow coefficient, A is the area of the vent and d is the height of the vent. For displacement ventilation the Linden model predicts a steadystate reduced gravity in the buoyant layer inside the enclosure of,
where C is an entrainment constant associated with the buoyant source and h is the height of the interface between buoyant and ambient fluids.
For ignited releases the source of buoyancy driving the ventilation is temperature and the buoyancy flux can be described using,
where g is gravitational acceleration, c Q is the 'convective' power of the fire and T a , ρ a and c pa are the ambient temperature, density and specific heat capacity, respectively. The 'convective' power of the fire was taken to be 70% of the total power, which is analogous to previous studies that have applied the Linden models to the ventilation of fires [4] . For tests with a single high vent the mixing ventilation model was used with an exchange flow coefficient of k = 0.25 [5] , while for tests with high and low vents the displacement ventilation model was used with a vent discharge coefficient of C d = 0.6.
Once the reduced gravity inside the enclosure has been calculated, the temperature inside the enclosure can be estimated using,
Where P a and ρ a are the ambient pressure and density, R is the universal gas constant and M e is the molecular weight of the gas inside the enclosure. For the calculations carried out here, it was assumed that M e was equal to the molecular weight of air.
Once the flow through the enclosure, due to passive ventilation, has been calculated, the steady-state average oxygen concentration in the enclosure can be estimated by subtracting the oxygen consumed by the burning hydrogen from that being introduced with the fresh air being drawn in. Table 2 . The fire power was calculated using the lower heating value for hydrogen, namely 120 MJ/kg [6] . The mixing ventilation model used for tests with a single high vent assumes full mixing and the temperature is the predicted value throughout the enclosure. Conversely, the displacement ventilation model used for tests with high and low vents assumes a stratified environment. For these tests Table 2 shows the height of the interface between buoyant and ambient fluids and the temperature in the buoyant layer.
The results in Table 2 show that the Linden model predicts significantly higher ventilation rates, expressed in "air changes per hour" (ACH), and therefore lower temperatures for a given fire power, for tests with high and low vents than for tests with a single high vent. This is consistent with observations made previously that multi-vent configurations lead to much more efficient ventilation than single vent configurations [3] . Furthermore, this simple model neglects heat transfer via the enclosure walls. For these reasons, the Linden model can be expected to over-predict the temperature.
The measured "steady-state" oxygen concentrations are compared, in Table 2 , with the concentrations estimated by balancing the predicted rate of oxygen consumption in the fire and the oxygen introduction via the passive ventilation. For well-ventilated jet-fires the estimates are in broad agreement with the measured minimum values. The estimated values for the under-ventilated fires are not so good, but still show a significant degree of under-ventilation occurring. Table 2 . Overview of calculations and results. Figure 5 shows a comparison between maximum temperature measurements from HSL's experiments and the Linden model predictions. Most of the measurements from well ventilated fires are predicted to within a factor of two. Temperature measurements from under-ventilated fires were over-predicted probably due to both the increased influence of heat losses through the enclosure walls and the incomplete combustion of the hydrogen which aren't accounted for in the model. 
CFD INVESTIGATION OF INFLUENCE OF THERMAL PROPERTIES OF THE ENCLOSURE
CFD modelling was carried out to investigate the thermal properties of the enclosure on the behaviour of the jet fires. Simulations were carried out of experiment WP4/2 which was performed using a single high vent (V1), a hydrogen release rate of 150 NL/min and a nozzle diameter of 10 mm. This experiment has various features that make it amenable to CFD modelling, including a single vent (thereby minimising the impact of the uncertainty introduced by varying wind conditions) and a low momentum source with well-ventilated conditions (allowing a relatively simple, less computationally expensive combustion model to be used).
CFD Modelling Approach
CFD modelling was carried out using the general purpose CFD code ANSYS CFX 15 [7] . All of the simulations were performed using hybrid meshes with structured prism elements inside the enclosure and unstructured tetrahedral elements outside. Mesh refinement is specified on the nozzle, along the path of the jet, near the vents and on the external walls of the enclosure. Two meshes were used for the simulations, namely 'medium' and 'fine' resolution meshes having approximately 430,000 and 620,000 elements respectively.
The dispersion of hydrogen and subsequent combustion products was modelled using a multicomponent flow approach, which assumes that hydrogen, oxygen, nitrogen and water vapour mix at the molecular level and they share the same mean velocity, pressure and temperature fields [7] . Turbulence was modelled using the k- model with buoyancy production and dissipation, whilst heat transfer was modelled using the Total Energy model [7] . The turbulence intensity at the jet source was set to 10%. The release pipe, the enclosure walls and the ground were modelled using a no slip, hydraulically smooth boundary condition.
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The eddy dissipation model was used to model the combustion of hydrogen. Despite its simplicity it performs well for modelling turbulent reacting flows including premixed combustion and diffusion flames and is widely used in industry.
It is important to consider the radiation properties of the materials present. Homo-nuclear diatomic molecules such H 2 , O 2 and N 2 are unable to interact in the thermal region of the spectrum. However, the effect of radiation on hetero-nuclear molecules, such as H 2 O, needs to be incorporated into the model. For the purposes of minimising computational expense, the so-called grey approximation was used, that is the gas is assumed to have the same properties throughout the spectrum. The media is assumed to be isotropic and homogeneous so the concentration dependence can also be ignored and the Beer-Lambert law used to model radiation transport.
Four types of thermal boundary are possible in ANSYS CFX: adiabatic; prescribed temperature; prescribed heat flux and prescribed heat transfer coefficient. The use of adiabatic boundaries was investigated (simulation S5), however, the results were found to give very high temperatures not reflected in the experimental results. For simplicity, a prescribed temperature approach was adopted.
Although, in reality, walls can absorb, reflect and emit thermal radiation, in this work the walls are modelled as being a black body radiator at ambient temperature. This means the walls absorb all the radiation directed at them (i.e. they do not reflect any radiation) and they emit radiation at a rate proportional to their prescribed temperature, 283K. A more complete treatment would add considerable complexity and computational expense to the simulations.
The simulations were carried out using 'high resolution' discretisation in space and second order discretisation in time [7] . Convergence was judged by monitoring normalised Root Mean Square (RMS) residual values. ANSYS recommend that convergence requires RMS values of 10 -4 or less and this was the criterion adopted here. Steady state simulations were performed with a maximum 'timestep' of 0.05 s, whilst transient simulations were carried out using time-steps of 0.02 s.
CFD Modelling Results
The CFD modelling approach assumes that the conditions within the enclosure are not sensitive to variations in the wind speed or the approach used to account for radiation. The validity of these assumptions is assessed by using steady state simulations to assess the sensitivity of the results to changes in the wind speed (0.5 to 2.0 m/s), the absorption coefficient (0.5 to 1.0), grid resolution and interior thermal boundary condition (fixed at 283K and adiabatic). The range of predicted temperatures at each height, for various model conditions, is shown in Table 3 . Also shown in Table 3 is the predicted ventilation rate of the enclosure. Simulations carried out with different mesh resolutions gave very similar predictions and indicate that the solution is not mesh dependent. Changing the wind speed also has only a slight effect on the internal temperature. The single biggest identified factor affecting the internal temperatures is the thermal boundary condition on the inside of the enclosure. The two cases considered, adiabatic and fixed temperature (simulations S5 and S2 respectively), represent bounding cases. The simulation S5, with adiabatic walls, produced temperatures which were vastly (300K) in excess of simulations with fixed wall temperature (for example S1-S4). The adiabatic case effectively provides a model of an insulated room where the temperatures within the room are, for a given fire power, determined solely by the ventilation rate. The constant temperature boundary condition case however would be expected to over-predict the heat losses within the enclosure as the walls effectively act as if they were refrigerated such that the temperature remains constant. In this case, the internal temperature is dependent on not only the ventilation rate, but also the heat lost to the walls.
Table 3 Overview of simulation results
Simulation
A transient simulation was carried out, based on the same approach as that used in steady state simulation S2. This method of simulation was carried out since this was most likely to give the best fit with the experimentally measured temperatures, based on the sensitivity studies. Due to the long computing time required only the first 400 seconds of the release were modelled. This was in part due to the adaptive time-stepping method used to ensure that all of the residuals were well controlled and the simulations had achieved an acceptable level of convergence. Figure 6 shows model predictions of temperatures and velocities on a plane through the enclosure and the centre of the vent. The strong thermal stratification is clearly evident, particularly in the main body of the room where the buoyant warm air has risen and collected below the ceiling of the enclosure. The rate at which this warm air can exit the enclosure is determined by how rapidly fresh air can be introduced into the room. That is, hot air rises out of the container as cooler outside air is drawn in to maintain the internal pressure. Calculations from the simulation indicate that a steady state of around 9 ACH is quickly reached (within 150 s) and maintained throughout the steady part of the calculation. This figure of 9 ACH is in good agreement with the value found using the analytical model reported in Section 4.2. The velocity vectors in Figure 6 show the cascade of cold air falling in through the opening.
In order to quantify the thermal stratification, it is useful to compare the steady state and transient model predictions to the experimental measurements as shown in Figure 7 . The results of the steady state simulation are shown as bands that indicate the range of CFD results at different heights in the enclosure and the transient CFD model predictions are shown as coloured lines.
The transient simulation reaches a steady state at around 100 -200 s that is comparable to the steady state simulations. The thermal stratification predicted by the simulations is qualitatively similar to that shown by the experimental measurements. The initial temperature rises for the higher sensors show good agreement between the model predictions and experiments. However, for the lower levels, the rise in temperature predicted by the CFD model is considerably faster than observed. It is not clear whether the experiment reached a steady state, as the lowest temperature sensors appear to be still rising at the end of the experiment. The good agreement between the model and experiment could be due to the combustion model over predicting flame temperatures and the thermal boundary condition extracting too much energy. There is also the possibility that the thermal boundary condition is artificially increasing the level of turbulence and leading to a state that has a higher degree of mixing than was present within the experiment. The result of this is that the simulation reached a steady state far faster than the experiment. As such, the good agreement observed here between the experiment and CFD must be treated as an early result until more work can verify the approach. 
Conclusions from CFD studies
The key conclusion from this work is that the treatment of the thermal boundary condition on the enclosure walls has a significant effect on the results. This is important because in practical applications the properties of the walls may vary considerably. Iso-container type enclosures are likely to have relatively thin walls made from materials with a high thermal conductivity (e.g. steel) and setting the wall temperature equal to the ambient temperature can provide reasonable results (although internal temperatures can be under-predicted). Alternatively, it is possible to model conjugate heat transfer into/through the wall taking into account the thickness of the wall, its thermal conductivity and transient effects. However, this approach is significantly more complicated. Other facilities may have thicker walls made from materials with far lower thermal conductivities (e.g. concrete or brick). The heat flux into/through such walls may be significantly lower and may lead to much higher internal temperatures. For these types of enclosure simulations can be carried out using an adiabatic boundary condition (although internal temperatures would probably be over-predicted) or the conjugate heat transfer approach taking into account the properties of the wall and any transient effects. 
OVERALL CONCLUSIONS
A series of experiments have been carried out to investigate indoor hydrogen jet fires. These have provided data for well-ventilated and under-ventilated jet fires and have also shown differences in behaviour between sub-sonic and chocked flow releases.
It appears that designing a passive vent system to avoid flammable hydrogen accumulations would also avoid under-ventilated jet fires.
Analytical modelling, based on the approach of Linden et al [1] has been used to calculate temperatures and oxygen concentrations within the enclosure. Despite the simple assumptions in the model, the results are reasonable for well-ventilated fires. The models are poor at estimating temperatures for under-ventilated fires, although the calculation of oxygen concentration does indicate significant under-ventilation and may be useful in identifying such problems with enclosure designs.
CFD modelling has been used to investigate the thermal properties of the enclosure on the behaviour of the jet fires. It was concluded that modelling the thermal boundary condition on the enclosure walls is critical to getting reasonable results, a finding that is highly significant to practical hydrogen systems within enclosures/rooms.
